The initial stages of the nucleation of cubic (c-) GaN in heterophase epitaxy on a Si v-groove are investigated. Growth of GaN on a nanoscale {111}-faceted v-groove fabricated into a Si(001) substrate proceeds in the hexagonal (h-) phase that induces a secondary v-groove replicating the substrate topography with two opposing {0001} facets. The secondary v-groove is then orientationally mismatched at the junction of the h-GaN facets (h-h junction) resulting in structural instability. This instability is relieved either by the formation of voids that reduce the actual junction area or by the transition to c-phase (h-c transition) suppressing further extension of the h-h junction. The distribution of voids that is locally affected by the island growth mode of h-GaN on Si(111) and the imperfection in the groove geometry impacts the initial stage of heterophase epitaxy. Primarily, The h-c transition is observed as a non-local phenomenon; it occurs homogeneously and simultaneously along the bottom of the entire secondary groove and forms a one-dimensional (1D) seed layer except for some interruptions where the h-h junction is defected by gaps or incomplete voids. Between these interruptions, epitaxy retains a single crystal but results in a series of c-GaN nanodots on the seed layer with large fluctuation in size and spacing. The adatom incorporation observed in this heterophase epitaxy is a 1D analog to the wetting of a substrate followed by the self-assembly in conventional quantum dot epitaxy. The surface morphology of the c-GaN nanodots is governed by the faceting mostly composed of (001)-and (11n)-orientations and the roughening between these facets that ultimately affect the morphology of the final top surface of the c-III-N. The interruptions interfere with the homogeneity of the h-c transition and can cause antiphase defects and mosaicity. Based on experimental results, a solution to improve these issues is proposed.
Initial stage of cubic GaN for heterophase epitaxial growth induced on nanoscale v-grooved Si(001) in metal-organic vaporphase epitaxy
For light emitting diodes (LEDs), the (100) surface in the cubic (c-) phase of III-N compound semiconductors is a nonpolar facet that does not exhibit the piezoelectric effects and impacts the efficiency of emission by removing the degradation associated with them [1] . However, the c-phase III-N is difficult to grow since it is energetically unfavorable compared with the h-phase [2] . This problematic issue results in random phase mixing in a single epilayer for conventional large-area epitaxy. There have been several attempts to grow c-III-Ns relying on planar substrates having identical crystallinity and small lattice mismatch such as SiC, or having the same crystallinity but large lattice mismatch such as GaAs and Si, requiring a thick buffer or a thin SiC interlayer. Additionally, patterned epitaxy for c-III-N on these substrates has been examined [3] [4] [5] . While some of these attempts reported noticeable progress, most of them have not yielded a practical solution for device fabrication.
III-N on Si has a strong potential for integration with Si microelectronics. Radically different from previous attempts, we have demonstrated epitaxial growth of large, isolated areas of c-GaN on a v-grooved Si(001) substrate [6, 7] . The growth proceeds with sequential growth of h-and c-GaN with orientation-and phase-dependent incorporation respectively and achieves c-In x Ga 1-x N/GaN quantum wells (QWs) monolithically on a Si(001) substrate with h-GaN as an interlayer between them [8] [9] [10] . The layer structure for this procedure is schematically illustrated in figure 1. In this figure, a critical step is the phase transition from h-to c-phase (h-c transition) that relieves structural mismatches accumulated in the h-GaN on a Si v-groove particularly at the junction of two misoriented h-GaNs (h-h junction indicated with an arrow). The h-c transition abruptly occurs atop the h-h junction along the groove, leads to the spatial phase separation of metastable c-GaN from stable h-GaN, and as a result allows their coexistence with spatial phase separation in a single layer. The details of the growth mechanism have been reported elsewhere [11] . By growing c-In x Ga 1-x N/GaN QWs oriented with its (001) facet aligned to that of the Si substrate and fabricating an LED, we have demonstrated green emission at the wavelength of 500 nm, free from piezoelectric effects [8] .
Although the basic growth mechanism for c-III-N has been reported [11] , the h-c transition and the associated initial stage of c-GaN growth has yet to be fully elucidated. To complete the phase transition (or nucleation of c-GaN), the local atomic arrangement must go through several steps that impact the crystallinity of the c-phase with sequential correlation. In this work, we focus on the very initial stage of cGaN growth that is crucial to its crystallinity and surface morphology. Scanning and transmission electron microscopies (SEM and TEM) and scanning tunneling microscopy (STM) were used for three-dimensional structure analysis. The faceting and surface morphology associated with the initial stage of the phase transition is clearly revealed, and an experimental approach to improving the results for device applications is proposed.
An array of v-grooves used for GaN growth was fabricated into a Si(001) substrate by i-line interferometric lithography and KOH-based anisotropic etching with Cr films as an etch mask. The period of the array and the width of a single v-groove were 4 μm and 900 nm, respectively. Metalorganic vapor-phase epitaxy (MOVPE) was employed for GaN growth. A thin AlN buffer layer was used at the beginning of growth to assist the nucleation of GaN on Si(111) facets inside each groove. The growth was stopped immediately after the h-c transition. The details of the pattern fabrication and growth conditions used in this work have been summarized elsewhere [11] . Figure 2 provides (a) a top-down view SEM image of a single groove and cross sectional (b) TEM and (c) STM images along the center of the groove indicated by two white arrows at both ends in (a). It reveals the initial stage of c-GaN clearly; the nucleation of c-GaN (or abrupt phase transition from h-to c-GaN during epitaxy) occurs atop the h-h junction homogeneously along the bottom of the secondary v-groove and forms nanoscale dots (nanodots). The spatial continuity of this nucleation is locally interrupted by some spots where the top of the h-h junction is defected by an interruption (a gap or a hole that disrupts the continuity of the initial v-groove) between facing h-GaN layers. The insets of figure 2(b) in the red outline and 2(c) in the blue outline individually match the regions between the color coded dashed lines in 2(a) and show enlarged views. In each inset, a void is formed at the h-h junction which is not closed before the h-c transition and, therefore, remains as a gap at the bottom of the secondary groove. Clearly, any h-c transition occurring along the groove bottom is interrupted by this gap and the crystal continuity is also interrupted. In the twodimensional (2D) view at the cross section along the h-h junction, most of the voids including the interruption in the inset of figure 2(b) retain a random shape while some of them such as that in the inset of figure 2(c) are partly enclosed by well-defined facets. Our previous article focused on the inhomogeneous nucleation of c-GaN at the early stage of the h-c transition with the formation of nanodots by irregular agglomeration of Ga adatoms [11] . This work presents more precise observation based on the non-local characteristics of the h-c transition homogeneously providing a c-phase seed layer atop the h-h junction along the groove bottom. It should be noted that the early stage of c-GaN formation in figure 2 is very similar to a one-dimensional (1D) analog of the 2D wetting layer prior to the self-assembly of quantum dots (QDs), referred to as the Stranski-Krastanov (S-K) mode, while the dot scale is considerably different [12] .
Between these interruptions, the h-c transition proceeds simultaneously and homogeneously, and the c-GaN generated at the groove bottom is a single crystal with a coherent crystal orientation. This is crucial in understanding the mechanism of phase transition and the resulting crystallinity. Because of these gaps that inevitably exist at the groove bottom, the cGaN does not remain as a single crystal along the entire groove. Instead, it could suffer from antiphase defects and mosaicity associated with multiple initiation regions that coalesce in continued growth. However, such gaps are relatively rare. In an examination along the groove bottom with the distance up to ∼100 μm by TEM, only six spots were clearly observed from the present sample. Relying on this observation, the average interruption spacing is at least ∼10 μm and the c-GaN in figure 2 roughly maintains single crystalline characteristics up to this length scale. The selective area electron diffraction (SAED)
and vice versa (i.e. region A). As reported in previous work, void formation means local relief of the structural instability at the h-h junction and therefore the reduction of the resulting stress. In contrast, the area of the h-h junction with negligible voids is relatively unstable. The spatial variation of the instability associated with void distribution then drives Ga adatoms to migrate from low-to high-stressed areas (e.g. away from regions with a high density of voids) atop the h-h junction along the groove where multi-dimensional strain relaxation processes such as dot formation are available [13, 14] . The adatom incorporation observed in the h-c transition is therefore analogous to the S-K mode mentioned earlier, typically observed in large lattice mismatch heteroepitaxy. On the other hand, the scale of the dot partly affected by the lattice mismatch of c-to hGaN is ∼0.002 along the [111]-[0001] at the given growth condition, not large enough to induce a few nm-scale conventional QDs [9] .
The irregular agglomeration of c-GaN at the initial stage contributes to the roughening of the top surface after additional growth that can combine with surface undulation. While the top surface of the c-GaN ultimately evolves to (100) orientation as the groove fills, a certain degree of fluctuation in flatness during epitaxy is unavoidable. In figure 2(a) , the nanodots extend with stripe patterns across the groove in the top-down view. The cross sectional TEM and STM in figures 2(b) and (c) reveal that the surface is bounded by faceting with various orientations and the roughening between facets in each dot. In figure 3 which is a TEM magnification of the white boxes in figures 2(b) and (c), some of the facets are identified as {11n} (n = 1, 3, K) and (001) but the most frequently observed is {111}. While it is not clear whether this orientation is Ga-or N-terminated, its dominance among the facets observed on the surface implies it has the lowest surface free energy at the present growth conditions. This is consistent with the reported data of other cubic III-V semiconductors [15] . All the facets on each dot are unexceptionally perpendicular to the groove direction and their boundaries appear as a stripe pattern in top-down view of figure 2(a) . Also, every nanodot in this figure is elongated along the groove. These imply uneven stress on a c-GaN dot that is correlated to the 1D groove shape. Beside faceting, as indicated by white bold arrows in figure 3 for example, surface roughening without clear facet orientation is observed. This could be due to the collision between different neighbor facets during growth.
In figure 3 , the c-GaN is defected by stacking faults (SFs) which are randomly distributed within each nanodot. This figure reveals that SF generation is not directly correlated with faceting or roughening. Mostly it is related with strain relief and imperfections on the h-GaN since the SFs can be described as a fluctuation between c-and h-phases. As a rough estimate, the average spacing is below 100 nm, quite different from the ∼10 μm between gaps discussed above. This implies that SF generation is a partial relief process of the strain within a single domain of c-GaN 7 . Also, the surface undulation of which the period is roughly sub-μm scale observed in previous work could be another strain relief available within a single c-phase domain [11] .
Atomic level flatness of the c-GaN surface at the top is critical to high-performance devices for Si-based c-III-N electronics and photonics. However, the top surface of the cGaN is degraded by sub-μm scale undulation and nm-scale faceting, and is far away from the ideal flatness. There are several steps such as groove fabrication, h-GaN growth, and h-c transition which impact the flatness of the top surface. The anisotropic etching for Si v-groove must be strictly Figure 3 . A magnification of the white box in figure 2(b) that matches the area between the white dashed lines in (a) with the identification of facet orientation and stacking faults. White bold arrows point the areas of surface roughening between facets. The green dashed line means the h-c boundary. 6 Because of slight bending by the stress on the long (>10 μm), thin (<50 nm) specimen and probably a large number of stacking faults, the size and intensity of the diffraction spots in figures 2(d) and (e) are not quite uniform. However, they provide an evidence for single crystallinity of the cGaN between interruptions which are confirmed by the insets of figures 2(b) and (c). 7 As reported in our previous articles, the c-GaN grown at the inside of the secondary v-groove is in tensile stress with negligible lattice mismatch of ∼0.002 at the phase interface.
controlled to maintain high homogeneity in groove geometry. Two single Si(111) facets with minimal kinks or steps must be provided as a starting point of h-GaN growth. Wellestablished process technology of Si microelectronics can satisfy this requirement with precisely oriented, defect-free Si(001) substrates. On the other hand, the nucleation of hGaN on Si is not highly controlled because of the large mismatch in crystallinity as well as lattice constant. Its island growth mode on Si(111) induces fluctuation of the structural instability at the h-h junction, which directly affects the homogeneity of the h-c transition along the groove bottom [16] . This problem that originates from the intrinsic characteristics of constituting materials is very difficult to resolve, the formation of gaps along the groove bottom therefore does not arise solely from as-fabricated sample imperfections.
A possible experimental direction to resolve the roughening of the top surface and the crystal degradation is the control of the h-c transition with nucleation proceeding from a single dot. Here, single dot means c-GaN nucleated with uniform h-c transition on a nanoscale limited area. The basic idea is to reduce of the length of the v-groove until it becomes comparable with its width. Then, the resulting shape is similar to an inverted pyramid with slight extension in one direction as shown in figure 4(a) . This simply controls the h-h junction length available for the h-c transition and can allow single dot formation on a limited area at the bottom. Figure 4 (b) is a top-down SEM image of a single dot of c-GaN nucleated in a region bounded by four h-GaN nanocrystals which was grown under the conditions similar to those applied to figure 2. In figure 4(a) , the width and length of the secondary groove measured at the top are ∼550 nm and ∼620 nm, respectively. The apparent length of the h-GaN secondary v-groove at the bottom is ∼50 nm, evidently much smaller than the ∼10 μm of the average interruption spacing but comparable to the nanodot size and the SF spacing. The growth of GaN on this Si groove produces h-GaN that symmetrically covers two pairs of facing Si(111) facets. While it incurs another type of h-h junction indicated by a white arrow at every corner in figure 4(b) where neighboring h-GaNs meet each other, epitaxy provides a welldefined, four-side secondary groove with h-GaN{0001} at the top without further geometric complexity.
By keeping the length slightly greater than the width in the given v-groove, the h-c transition available in an infinitely long v-groove can be simply reproduced over a small region. Unlike the dots in the long v-groove in figure 2 , the single dot in figure 4 (b) does not exhibit a stripe pattern across it clearly, implying the absence or reduction of multiple faceting on the surface and therefore supporting the heterophase epitaxy through the h-c transition with the surface morphology of c-GaN improved at the groove bottom. In figure 4(a) , the area available for c-GaN(001) at the top is slightly less than 1×1 μm 2 avoiding surface undulation. As illustrated in figure 4(c) , the c-GaN after complete fill-up is ready for planar processing with nearby Si devices and large enough for integrated circuits as well as discrete devices with the current 10 nm-class CMOS node technology. As suggested in previous work, the extension of the secondary v-groove width comparable to the adatom migration length at a given growth condition is available and therefore μm-scale c-GaN is also achievable [11] . Further study on the c-GaN from a single dot nucleation for practical applications is presently under way.
In summary, the initial stage of c-GaN nucleation on h-GaN grown in a Si v-groove by MOVPE has been investigated. The h-to c-phase transition to relieve the structural instability at the h-h junction occurs abruptly and the c-GaN nucleates homogeneously along the bottom of the entire secondary groove. The homogeneity of the c-phase nucleation is disturbed by some interruptions such as gaps or discontinuities of the h-h junction with an average spacing of ∼10 μm in the given sample. Between each of these interruptions, the c-GaN retains single crystalline characteristics but results in a series of random-size nanodots along the groove bottom at the initial stage. The dot formation is driven by the migration of Ga adatoms across the spatial variation of the stress associated with void distribution on the h-h junction which locally relieves the structural instability. The c-GaN 1D nucleation homogeneously covering the groove bottom followed by the formation of nanodots is quite analogous to the wetting and self-assembly of QDs known as S-K mode. In contrast, c-GaN nanodots are individually degraded by nm-scale faceting and roughening in surface morphology and SFs in crystallinity. For practical applications, a single dot nucleation of c-GaN in a groove of the length limited by the width has been demonstrated to address these issues. 
